The solution structures of (3R,4S)-and (3S,4R)-4-(4-fluorophenyl)-3-hydroxylmethyl-1-methylpiperidine, which are intermediates in the synthesis of the two pharmaceuticals paroxetine and femoxetine, were studied by vibrational circular dichroism (VCD) spectroscopy. In addition, six derivatives with different substituents attached to the C3 atom were prepared and their VCD and absorption spectra discussed with the aid of ab initio simulations. The VCD spectra were found to be sensitive to the geometry changes. In addition, a subtle variation caused by intermolecular aggregation was apparent in the spectra. The VCD technique can be applied for structural analysis of chiral pharmaceuticals in solutions.
INTRODUCTION
Chiral drugs marketed as single enantiomers represent examples where vibrational circular dichroism (VCD) 1,2 spectroscopy can be conveniently applied. Ab initio calculations of VCD spectra are no longer restricted to small molecules, 3, 4 because they can be used for the interpretation of experimental results for medium sized systems, 5, 6 as well as biopolymers. 7, 8 The piperidine derivatives (3S,4R)-and (3R,4S)-4-(4-fluorophenyl)-3-hydroxylmethyl-1-methylpiperidine are the key intermediates in the synthesis of the antidepressive drugs paroxetine and femoxetine, respectively. Our previous VCD and NMR study 5 confirmed the absolute configuration of the (3R,4S)-enantiomer in solution, indicated its prevalent conformation, and implied that the hydroxyl group mediates intermolecular aggregation in concentrated solutions. In this work we test the influence of hydrogen bond formation on the VCD spectra in detail. We also found it interesting for pharmaceutical purposes to monitor the substitutions of the hydroxyl group by other functional groups and to follow possible conformation changes using VCD. Fig. 1 ) of (3S,4R)-3 (100% ee) 9 and (3R,4S)-3 (96% ee) were kind gifts from Synthon BV, The Netherlands. Compounds 4-8 were prepared as described elsewhere. 10, 11 The solutions in CCl 4 and CDCl 3 within 0.64 -0.064 mol L
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were used for the VCD measurements. The VCD and absorption spectra were scanned with a resolution of 4 cm Ϫ1 using a Bruker FTIR IFS 66/S spectrometer equipped with the VCD/IRRAS module PMA 37 as previously described in detail. 12 A demountable cell separated by a 50-or 200-m Teflon spacer was used.
A simulation of the VCD intensities based on the Gaussian program package 13 was performed 6, 7 for geometries optimized with the aid of the conformer searching routine implemented in the Spartan program.
14 The vibrational frequencies and intensities were calculated at the BPW91/6-31ϩG** density functional theory 15 level at the harmonic approximation using the MFP/GIAO theory 16 for VCD. The spectra were simulated using Lorentzian profiles with a 5 cm Ϫ1 bandwidth. Normal mode assignment is based on a visual inspection of the dynamic displacements. Figure 2 shows the experimental VCD spectra of derivatives 3, 4, and 8 defined in Figure 1 . All spectra were recorded with a high S/N ratio. Recording of the VCD spectra of (3R,4S)-3 and (3S,4R)-3 reduces the risk of artifacts and confirms the quality of the experimental data: the opposite enantiomers exhibit mirror-image VCD spectra as shown for (3S,4R)-3 and (3R,4S)-3 (Fig.  2) . For the sake of brevity, we deal only with the (3R,4S) enantiomers in the following text.
RESULTS AND DISCUSSION
As an example, the agreement between the experiment and calculation is shown for derivative 7 in Figure 3 . The numbers indicate the corresponding vibrational modes. Such a comparison of the absorption and VCD spectra (Fig. 2) for all the derivatives reveals the common features summarized in Table I . The mode numbers of compound 3 are used also for the other compounds, because the ordering of the normal modes differs only slightly. Comparing the VCD spectra in Figure 2 , we find that the individual derivatives differ in certain regions where the vibration modes involve the chiral centers C3 and C4 and the atoms in their near vicinity (modes 33-39, 47-49, and 58 -59).
The VCD measurements require rather high concentrations of the compounds and enable only a narrow interval for concentration variations. In our case we recorded the VCD of 3 in CDCl 3 and CCl 4 solutions with a reasonable S/N ratio in the range of 0.64 -0.064 mol L Ϫ1 [ Fig. 4(B) ]. The observed decrease of the absorption of the free OH VCD STUDY OF PAROXETINE AND FEMOXETINE group at 3627 cm Ϫ1 and its increase at 3350 -3150 cm Ϫ1 for aggregated OH groups with increasing concentration [ Fig. 4(A) ] confirmed the hydrogen bond formation. Although the intensity of the free (OH) increases about 2 times as the concentration decreases from 0.64 to 0.064 mol L Ϫ1 , only slight changes were observed in the VCD in the mid-IR region (cf. Fig. 4 ). This is in accord with our detailed analysis, 5 which revealed that only limited parts of the spectral region used are affected by the OH vibrations, for example, the VCD features at 1250 -1200 and ϳ1000 cm Ϫ1 (the gray areas in Fig. 4) , which originate in skeletal deformation coupled to or including the COO bond. Also, based on the concentration dependence of the VCD spectra, we can conclude that the aggregation does not have a significant influence on the conformation.
CONCLUSIONS
The simulated and experimental spectra are in a very good agreement over the entire region of recorded frequencies. The observed variations in the regions specific to the particular substituents could be identified and reasonably explained using the normal mode assignment. In all of the derivatives studied, the substituents do not significantly influence the spectral response of the piperidine skeleton. The theoretical and experimental results suggest that the phenyl and methyl groups are in equatorial positions and the torsion angle C(substituent)-C3-C4-C(piperidine) is close to 180°(except 8). The concentration dependence of the VCD and absorption reveals strong intermolecular interactions through hy- VCD STUDY OF PAROXETINE AND FEMOXETINE
